The velocity distribution in a homogeneously cooling granular gas has been studied in the viscoelastic regime, when the restitution coefficient of colliding particles depends on the impact velocity. We show that for viscoelastic particles a simple scaling hypothesis is violated, i.e., that the time dependence of the velocity distribution does not scale with the mean square velocity as in the case of particles interacting via a constant restitution coefficient. The deviation from the Maxwellian distribution does not depend on time monotonically. For the case of small dissipation we detected two regimes of evolution of the velocity distribution function: Starting from the initial Maxwellian distribution, the deviation first increases with time on a collision time scale saturating at some maximal value; then it decays to zero on a much larger time scale which corresponds to the temperature relaxation. For larger values of the dissipation parameter there appears an additional intermediate relaxation regime. Analytical calculations for small dissipation agree well with the results of a numerical analysis.
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I. INTRODUCTION
The statistical properties of granular gases have been intensively studied recently, in particular with respect to the cluster formation process ͓1͔ and other structure formation processes ͓2͔. In the present paper we are concerned with the dynamical processes in granular gases which precede clustering, i.e., in the homogeneously cooling state ͑HCS͒. As opposed to the state when particles form clusters and other long range structures, in the HCS ͑due to its definition͒ one may drop the explicit spatial dependence of the statistical properties, which simplifies an application of standard methods of the gas kinetic gas theory. Granular gases in the HCS were intensively investigated recently ͑see, e.g., Ref. ͓3͔ for a review͒ focusing on the velocity distribution function which is one of the most important characteristics of the system of granular particles. It was argued that the distribution function might deviate from the Maxwellian ͓4,5͔, and this deviation was also quantified ͓4,6,7͔.
In all of these studies a constant restitution coefficient, characterizing energy loss due to a particle collision was assumed. The restitution coefficient relates the velocities of the colliding particles before a collision v ជ 1 and v ជ 2 to the velocities after the collision, v ជ 1 * and v ជ 2 * :
where v ជ 12 ϭv ជ 1 Ϫv ជ 2 is the relative velocity, and the unit vector e ជ ϭr ជ 12 /͉r ជ 12 ͉ gives the direction of the intercenter vector r ជ 12 ϭr ជ 1 Ϫr ជ 2 at the instant of the collision. Strictly speaking the restitution coefficient ⑀, as introduced in Eq. ͑1͒, describes the collision of smooth inelastic particles, when only the normal component (v ជ 12 •e ជ ) of the relative velocity v ជ 12 changes. Therefore, it is termed the normal restitution coefficient. Using the tangential restitution coefficient ͓9,8,10͔, one can account for the change in tangential component of the relative velocity at the collision of rough inelastic particles. In what follows we assume that the particles are smooth and that the dynamics of a collision is completely described by the change of the normal component of the relative velocity. However, experiments, as well as theoretical studies showed that ⑀ noticeably depends on the impact velocity v ជ 12 ͓12-15͔; even a dimension analysis shows that the assumption of the constant restitution coefficient contradicts physical reality ͓16,17͔. This dependence may cause rather important consequences for various problems in granular gas dynamics ͓18,19͔. The problem of the restitution coefficient's dependence on the impact velocity was addressed in Refs. ͓8,11͔, where the generalization of the Hertz contact problem was developed for the collision of viscoelastic particles ͑a scaling analysis of this dependence was also addressed in Ref. ͓14͔͒. The generalized Hertz collision equation derived in Ref. ͓8͔ was solved analytically to obtain the velocity-dependent restitution coefficient ͓20͔
where Y is the Young modulus, is the Poisson ratio, R 
Although the next-order coefficients C 3 ϭ0.315119C 1 3 and C 4 ϭ0.161170C 1 4 , are now available ͓17͔, we assume that the dissipative constant A is small enough to ignore these highorder terms.
The aim of the present study is to analyze how the impact-velocity-dependent restitution coefficient, given by Eq. ͑2͒ for the collision of viscoelastic spheres, influences the velocity distribution in a granular gas of identical particles in the HCS. To address this problem we use the Sonine polynomial expansion for the velocity distribution function, and analyze the time dependence of the expansion coefficients.
We want to mention that throughout this paper we assume viscoelastic particle deformation. This refers to relatively small impact velocities, and, as shown in Refs. ͓8,17͔, applies to conditions important for astrophysical systems ͓13͔. Other regimes of deformation which are important for high impact velocities, such as plastic deformation or brittle fracture, have not been taken into account.
In Sec. II we introduce the necessary variables, briefly sketch the method of Sonine polynomial expansion, and summarize the knowledge about the velocity distribution function in granular gases under the assumption of a constant restitution coefficient. In Sec. III we analyze the Boltzmann equation for the granular gas with a velocity-dependent ⑀ in the HCS, and calculate the first few coefficients of the Sonine polynomials expansion. We show that these coefficients turn out to be time dependent, so that the velocity distribution function does not have a simple scaling form. In Sec. IV we consider the time evolution of the temperature and the velocity distribution. The high-velocity tail of the distribution function is analyzed in Sec. V. In Sec. VI we summarize our findings. Some technical detail of the calculations are given in the Appendixes.
II. SONINE POLYNOMIAL EXPANSION FOR GRANULAR GASES
For granular gases where the particles interact via a restitution coefficient ⑀ϭconst, it was argued that the velocity distribution f (v ជ ,t) has a scaling form, i.e., that its timedependence may be written as ͑here we follow notations of
͑6͒
where n is the number density of the granular gas; v 0 (t) is the thermal velocity, defined in terms of the temperature of the granular gas
m is the mass of the granular particles; and d is the dimension. The temperature is related to the second moment of the velocity distribution in the same way as for equilibrium molecular systems:
Then the expansion of the scaling function f(c ជ ) ͓where c ជ ϵv ជ /v 0 (t)͔ in terms of the Sonine polynomials reads ͓4,6͔
where (c)ϵ
Ϫd/2 exp(Ϫc 2 ) is the Maxwellian distribution for the rescaled velocity. The Sonine polynomials S p (c 2 ) satisfy the orthogonality conditions
with ␦ pp Ј being the Kronecker ␦, and with the normalization constant N p ͓4,6͔. For dimension dϭ3, which is addressed in the present study, the first few Sonine polynomials read
The coefficients a p of the expansion may be found as the polynomial moments of the function f(c ជ ) ͓4,6͔:
The coefficients a p do not depend on time for a constant restitution coefficient ͓21͔. These were first applied for the granular gas in Ref. ͓4͔, and then recalculated recently ͓6͔:
The first relation ͓Eq. ͑14͔͒ follows from the definition of the temperature of the granular gas ͑this we explain in more detail below͒, while Eq. ͑15͒ has been obtained within the linear approximation with respect to a 2 . A complete analysis, which goes beyond the linear approximation, was performed ͓7͔, and it was shown ͓7͔ that linear solution ͑15͒ is rather accurate for the whole range of ⑀ with a maximal deviation from a total one less than 10% ͓22͔. All the higherorder coefficients were neglected under the assumption of small deviations from the Maxwellian distribution. Since a p do not depend on time, the scaling form of the velocity distribution function ͑6͒ persists with time for the case of ⑀ ϭconst.
Since the average velocity of a granular gas decreases due to the permanently decreasing temperature, the ''typical'' restitution coefficient will increase with time, as follows from Eq. ͑2͒. Thus one can expect that the coefficients of the Sonine polynomial expansion, which depend on the restitution coefficient ͓see, e.g., Eq. ͑15͔͒ should also change with time. This conclusion, however, contradicts the assumption that the scaling function ͑9͒ does not depend on time, and implies that the common scheme of calculation of the Sonine polynomials expansion coefficients breaks down if ⑀ is not a constant. For for the latter case, one needs to develop a more general approach.
III. KINETIC EQUATION FOR THE COEFFICIENTS OF THE SONINE POLYNOMIAL EXPANSION
We start from the Enskog-Boltzmann equation for the distribution function f (r ជ ,v ជ ,t) for a granular gas of inelastic spheres, which in the force-free case does not depend on r ជ . Hence one can write ͓6,23͔
where is the diameter of the particles. The contact value of the two-particle correlation function, g 2 ()ϭ(2Ϫ)/2(1 Ϫ) 3 ͓24͔ ͑with ϭ 1 6 n 3 being the packing fraction͒, accounts for the increasing collision frequency due to the excluded volume effects. ⌰(x) is the Heaviside step function. The velocities v ជ 1 ** and v ជ 2 ** refer to the precollisional velocities of the so-called inverse collision, which results with v ជ 1 and v ជ 2 as the after-collisional velocities ͓the relation between these velocities are similar to that of Eq. ͑1͒, but with an impact-velocity-dependent restitution coefficient; see Appendix A͔. Finally the factor
in the gain term appears, respectively, from the Jacobian of the transformation dv ជ 1 **dv ជ 2 **→dv ជ 1 dv ជ 2 and from the relation between the lengths of the collisional cylinders ⑀͉v ជ 12 **•e ជ ͉dtϭ͉v ជ 12 •e ជ ͉dt ͑see Appendix A for details͒. For the constant restitution coefficient, ϭ1/⑀ 2 ϭconst. Some important properties of the collisional integral also hold for the case of the impact-velocity-dependent restitution coefficient. That is, it may be shown that the relation
holds true, where
Now we analyze the scaling ansatz ͑6͒ for the velocity distribution function. Using this ansatz and performing calculations similar to that in Ref. ͓6͔, one would find corresponding expressions for the coefficients a p of the Sonine polynomial expansion. These would turn out to be time dependent due to the permanently decreasing average velocity of the cooling gas and thus the permanently increasing effective value of the restitution coefficient. However, this means that the simple scaling ͑6͒ for the velocity distribution function does not hold for the case of interest. Technically, as we show below, this follows from the additional time dependence of the factor in the collisional integral, which does not depend on time for ⑀ϭconst.
Thus it seems natural to write the three-dimensional distribution function in the general form
and then find equations for the time-dependent coefficients a p (t). Substituting Eq. ͑19͒ into the Boltzmann equation ͑16͒, we obtain
where we define the dimensionless collisional integral
͑22͒
The reduced factor , ϭ1ϩ 11 5 , T 0 is the initial temperature, and for simplicity we assume the particles to be of unit mass, m ϭ1.
The rate of change of the thermal velocity dv 0 /dt in Eq. ͑21͒ may be expressed in terms of the temperature decay rate dT/dt, which reads, according to definitions ͑7͒ and ͑8͒ and relation ͑18͒ for the time derivatives of averages,
Here we define BϭB(t)ϵv 0 (t)g 2 () 2 n, and introduce the moments of the dimensionless collision integral:
With this notation we recast Eq. ͑21͒ into the form
Note that contrary to the case of ⑀ϭconst, where ϭ1/⑀ 2 ϭconst, the factor now depends on time, which does not allow one to write the collision integral in terms of only scaling variables. This implies a time dependence of all the moments p ͑which were time independent for the constant restitution coefficient͒, and correspondingly causes a time dependence of the Sonine polynomials expansion coefficients a p . Multiplying both sides of Eq. ͑27͒ by c 1 p , and integrating over c ជ 1 , we obtain
where integration by parts has been performed, and where we define
The calculation of kp is straightforward; the first of them read 22 ϭ0, 24 ϭ 15 4 . ͑31͒
The odd moments ͗c 2nϩ1 ͘ are zero, while the even ones ͗c 2n ͘ may be expressed in terms of a k with 0рkрn. This follows from the fact that c 2n may be written as a sum of Sonine polynomials S k (c 2 ), with 0рkрn, and from the orthogonality condition ͑10͒. That is, using c 2 ϭ 3 2 S 0 (c 2 ) ϪS 1 (c 2 ) together with expansion ͑20͒ and condition ͑10͒, one easily finds The moments p may be also expressed in terms of coefficients a 2 ,a 3 , . . . ; therefore, system ͑28͒ is an infinite ͑but closed͒ set of equations for these coefficients. It is not possible to obtain a general solution to the problem. However, since the dissipative parameter ␦ is supposed to be small, the deviations from the Maxwellian distribution are not presumably large. Thus we assume that one can neglect all the high-order terms in the expansion ͑20͒ with p Ͼ2. Then Eq. ͑28͒ is an equation for the coefficient a 2 . For pϭ2, Eq. ͑28͒ converts into an identity, since ͗c 2 ͘ϭ 3 2 , a 1 ϭ0, and due to Eq. ͑31͒. For pϭ4, we obtain
where relations ͑31͒ and ͑33͒ have been used. In Eq. ͑34͒, B depends on time as
where T 0 is the initial temperature and c (0) is the initial mean-collision time
The time evolution of the temperature is determined by Eq. ͑25͒, i.e., by the time dependence of 2 . The time-dependent coefficients p (t) may be expressed in terms of a 2 according to definition ͑26͒ and the approximation fϭ(c)͓1ϩa 2 (t)S 2 (c 2 )͔. One obtains
with the definition of ⌬(c 1 p ϩc 2 p ) given above. After long and tedious calculations ͑details are given in Appendix B͒, one arrives at the following result for the moments: Thus Eqs. ͑34͒ and ͑25͒, together with Eqs. ͑24͒, ͑35͒, ͑38͒, and ͑39͒, form a closed set to find the time evolution of the temperature and the coefficient a 2 . We want to stress an important difference for the time evolution of the temperature for the case of the impact-velocity-dependent restitution coefficient, compared to that of the constant restitution coefficient. In the former case it is coupled to the time evolution of the coefficient a 2 , while in the latter case there is no such coupling since a 2 ϭconst. This coupling may lead in some cases to a rather peculiar time dependence of the temperature. The problem of the time dependence of the temperature and the velocity distribution function will be discussed in detail in Sec. IV.
IV. TIME EVOLUTION OF TEMPERATURE AND THE VELOCITY DISTRIBUTION FUNCTION
To analyze the time evolution of the temperature and of the coefficient a 2 , characterizing the velocity distribution function, we introduce the reduced temperature u(t) ϵT(t)/T 0 , and recast the set of equations ͑34͒ and ͑25͒ into the forms
The characteristic time
describes the time evolution of the temperature ͑see below͒, with
Ϫ2/5 ͱ⌫ ͑ 3/5͒/8ϭ0.173318 . . . ,
To obtain these equations we use the expressions for 2 (t), B(t) and for coefficients A n . Note that the characteristic time 0 is ␦ Ϫ1 ӷ1 times larger than the mean collision time c (0). We will find the solution to these equations as expansions in terms of the small dissipative parameter ␦ ͓see Eq. ͑24͔͒: with E ϭ 3 2 c being the Enskog relaxation time. Therefore, a 20 (t) vanishes for tϳ 0 ӷ c (0). This refers to the relaxation of an initially non-Maxwellian velocity distribution to the Maxwellian one. Note that the relaxation occurs within few collisions per particle, similarly to the relaxation of molecular gases.
We now assume that the initial distribution is Maxwellian, i.e., that a 20 (0)ϭ0 for tϭ0. Then the deviation from the Maxwellian distribution originates from the inelasticity of the particle collisions. For the case a 20 (0)ϭ0 ͓and thus a 2 (t)ϭ0; see Eq. ͑56͔͒ the solution to Eq. ͑52͒ reads
, ͑58͒
which coincides with the time dependence of the temperature obtained previously using scaling arguments ͓20͔ ͑up to a constant 0 which may not be determined by scaling arguments͒. 
For tӶ 0 we have u 0 Ϸ1, and Eq. ͑60͒ reduces to and we used the definitions of r 1 and r 2 and the values of A k and B k given above. As follows from Eq. ͑63͒, after a transient time of the order of few collisions per particle, i.e., for E (0)ϽtӶ 0 , a 2 (t) saturates to the value a 2 ϭϪh␦ϭ Ϫ0.415964␦, i.e., it changes only slowly on the time scale ϳ c (0).
For tӷ 0 the rescaled temperature varies as u 0 Ϸ(t/ 0 ) Ϫ5/3 ͓see Eq. ͑58͔͒, and Eq. ͑60͒ reads
Using the power-law ansatz
the asymptotic analysis of Eq. ͑65͒ yields the exponent ϭ1/6 and an estimate for the prefactor. Thus we find, for t ӷ 0 ,
. ͑67͒
Therefore, a 21 (t) decays to zero on the time scale ϳ 0 , i.e., slowly on the time scale ϳ c (0)Ӷ 0 . The velocity distribution thus tends asymptotically to the Maxwellian distribution. One can also find the general solution of Eq. ͑60͒: 
and Li(x) is the logarithmic integral. It is not difficult to show that from the general expression ͑71͒ both limiting dependencies ͑63͒ for tӶ 0 and ͑67͒ for tӷ 0 are reproduced. We could not find the general solution for u 1 (t), however, one can obtain the solution for tӷ 0 . Substituting asymptotic expressions u 0 (t)Ӎ(t/ 0 ) Ϫ5/3 and a 21 (t)Ӎ Ϫh(t/ 0 ) Ϫ1/6 into Eq. ͑59͒ for u 1 (t), we recast this equation into the form
. ͑73͒
Again a power-law ansatz u 1 (t)ϳ(t/ 0 ) ␣ allows us to obtain both the exponent ␣ϭ11/6 as well as the corresponding prefactor. The result for u 1 (t) for tӷ 0 reads
where we used the above results for the constants h and q 1 . From the last equation one can see how the coupling between the temperature and the velocity distribution influences the evolution of the temperature. Indeed, if there were no such coupling, there would be no coupling term in Eq. ͑59͒, and thus, no contribution from 12 25 h to the prefactor of u 1 (t) in Eq. ͑74͒. This would noticeably change the time behavior of u 1 (t). On the other hand, the leading term in the time dependence of temperature, u 0 (t), is not affected by this kind of coupling.
In Figs. 1 and 2 we show the time dependence of the coefficient a 2 (t) of the Sonine polynomial expansion and of the temperature of the granular gas. The analytical findings are compared with the numerical solution of the system of equations ͑44͒ and ͑45͒. As follows from the figures, the analytical theory reproduces fairly well the numerical results for the case of small ␦.
As follows from Fig. 1 , for small ␦ the following scenario of evolution of the velocity distribution takes place for a force-free granular gas. The initial Maxwellian distribution evolves to a non-Maxwellian distribution, with the discrepancy between these two characterized by the second coefficient of the Sonine polynomials expansion a 2 . The deviation from the Maxwellian distribution ͑described by a 2 ) quickly grows, until it saturates after a few collisions per particle at a ''steady-state'' value. At this instant the deviation from the Maxwellian distribution is maximal, with the value a 2 Ϸ Ϫ0.4␦ ͑Fig. 1, top͒. This refers to the first ''fast'' stage of the evolution, which takes place on a mean-collision time scale ϳ c (0). After this maximal deviation is reached, the second ''slow'' stage of the evolution starts. At this stage a 2 decays to zero on a ''slow'' time scale 0 ϳ␦ Ϫ1 c (0) ӷ c (0), which corresponds to the time scale of the temperature evolution ͑Fig. 1, middle͒; the decay of the coefficient a 2 (t) in this regime occurs according to a power law ϳt Ϫ1/6 ͑Fig. 1, bottom͒. Asymptotically the Maxwellian distribution would be achieved, if the clustering process did not occur. Figure 2 illustrates the significance of the first-order correction u 1 (t) in the time evolution of the temperature. This becomes more important as the dissipation parameter ␦ grows ͑Fig. 2, top and middle͒. At large times the results of the first-order theory ͓with u 1 (t) included͔ practically coincide with the numerical results, while zero-order theory ͓without u 1 (t)͔ demonstrates noticeable deviations ͑Fig. 2, bottom͒.
According to our analysis of the diffusion in granular gas of viscoelastic particles ͓19͔, the clustering is expected to be retarded, compared to the case of a constant ⑀. Therefore, we may assume that for the time shown in the figures the granular gas is still in the regime of homogeneous cooling.
For larger values of ␦ the linear theory breaks down. Unfortunately, the equations obtained for the second order approximation O(␦ 2 ) are too complicated to be treated analytically. Hence, we studied them only numerically ͑see Fig. 3͒ .
As compared to the case of small ␦, an additional intermediate regime in the time evolution of the velocity distribution is observed. The first ''fast'' stage of evolution takes place, as before, on a time scale of few collisions per particle, where maximal deviation from the Maxwellian distribution is achieved ͑Fig. 3͒. For ␦у0.15 these maximal values of a 2 are positive. Then, in the second stage ͑intermediate regime͒, which continues 10-100 collisions, a 2 changes its sign and reaches a maximal negative deviation. Finally, on the third, slow stage, a 2 (t) relaxes to zero on a slow time scale ϳ 0 , just as for small ␦. In Fig. 3 we show the first stage of the time evolution of a 2 (t) for systems with large ␦. At a certain value of the dissipative parameter ␦ the behavior changes qualitatively, i.e. the system then reveals another time scale, as discussed above. Figure 4 shows the numerical solution of Eqs. ͑44͒ and ͑45͒ for the second Sonine coefficient a 2 (t) as a function of time. One can clearly distinguish the different stages of evolution of the velocity distribution function.
Thus we conclude that for the case of a not very small dissipative parameter ␦, the time evolution of the velocity distribution function ͑described on the level of the second coefficient of the Sonine polynomials expansion͒ exhibits a very complicated nonmonotonic behavior with a few different regimes. Physically such behavior is caused by the existence of an additional intrinsic time scale which describes the viscoelastic collision, and by the coupling of the evolution of the velocity distribution with the time evolution of the temperature.
The analysis performed up to now has addressed the main part of the velocity distribution function. The most important component of the distribution is still the Maxwellian, while deviations from this have been quantified in terms of the Sonine polynomial expansion. For very large velocities, however, this is not true and the Maxwellian distribution may not be used as a zero-order approximation. In Sec. V we address the problem of properties of the velocity distribution function for vӷv 0 .
V. HIGH-VELOCITY TAIL OF THE VELOCITY-DISTRIBUTION FUNCTION
The high-velocity tail of the velocity distribution function in force-free granular gases was analyzed for the case of a constant restitution coefficient in Refs. ͓5,6͔. It was shown in these studies that for large velocities, cӷ1, the velocity distribution function behaves as f(c)ϳexp(Ϫconst c), i.e., that the tail cӷ1 is overpopulated, as compared to the Maxwellian distribution ϳexp(Ϫc 2 ). Here we use the scheme of analysis proposed in Ref.
͓5͔.
The same arguments as in Refs. ͓5,6͔, lead to a conclusion that the gain term of the collisional integral Ĩ may be neglected for cӷ1 with respect to the loss term, which does not depend on the restitution coefficient. Thus, following Refs. ͓5,6͔, we approximate the collision integral as
and for cӷ1 write the kinetic equation ͑27͒ as ␦ϭ0.1,0.11,0.12, . . . ,0.20 ͑bottom to top͒.
If one would use expansion ͑20͒ ͑with coefficients a p for pϾ2 discarded͒ to substitute it into Eq. ͑76͒ for the second term on the left-hand side of ͑76͒ at cӷ1 one would obtain
͑77͒
where we have used the relation
with ȧ 2 according to Eq. ͑34͒, and definition ͑11͒ of S 2 (c 2 ), which shows that S 2 (c 2 )ϳc 4 at cӷ1. We also take into account that 2 , 4 , and a 2 do not depend on c. For the first term in the left-hand side of Eq. ͑76͒ and for the right-hand side of Eq. ͑76͒, this substitute yields, correspondingly in the same limit cӷ1,
.
͑80͒
From Eqs. ͑77͒, ͑79͒, and ͑80͒ it follows that, although all terms in the Eq. ͑76͒ have the same factor e Ϫc 2 , the exponents of the power of c of the prefactor are different for all terms. This means an inconsistency of substitution ͑20͒, with a p for pϾ2 discarded, for cӷ1. Similarly, it may be shown that such an inconsistency appears for any order of the Sonine polynomial expansion. Indeed, using the Sonine polynomial expansion ͑20͒ up to ͑arbitrary͒ order n yields the estimate ϳc (2nϩ2) e for the kinetic equation ͑76͒ turns out to be self-consistent for cӷ1. Substituting this into Eq. ͑76͒, one finds that the function (t) in Eq. ͑81͒ must satisfy
where the time dependence of B is given by Eq. ͑35͒, and 2 depends on time via a 2 (t) according to Eq. ͑38͒. In the approximation a 2 ϳ␦, linear with respect to ␦, and therefore, according to Eqs. ͑38͒ and ͑40͒, 2 (t)Ӎ␦Ј 0 . Then, using the definition ͑24͒ of ␦Ј and expression ͑35͒ for B(t), one 
͑84͒
Substituting the ansatz ϳ(1ϩt/ 0 ) , we find the exponent ϭ1/6 and the prefactor, so we arrive at the final result Thus the velocity distribution function reads, for cӷ1,
Note that the obtained expression ͑87͒ refers only for times tӷ c (0), when the deviations from the Maxwellian distribution are already well developed; it is not applicable for the transient times tϳ c (0). As one can see from Eq. ͑87͒ the overpopulation ͑with respect to the Maxwellian distribution͒ of the high-velocity tail decreases with time on the same time scale ϳ 0 as a 2 (t), i.e., the velocity distribution in the system approaches the Maxwellian. However, it should be noted that the above considerations are valid as long as the overpopulation in the tail is significant enough to make the gain term in the collision integral negligible as compared to the loss term.
VI. CONCLUSION
We studied the velocity distribution in a homogeneously cooling granular gas of viscoelastic particles, which implies an impact-velocity-dependent restitution coefficient. We observed that, contrary to the case of the constant restitution coefficient, the distribution function may not be represented in a simple scaling form, where the time dependence of the function occurs only via the time dependence of the temperature. The dependence of the restitution coefficient on the impact velocity causes a time dependence of the coefficients of the Sonine polynomial expansion, which describes the deviation of the velocity distribution from the Maxwellian.
We analyzed the time evolution of the temperature and of the second coefficient of the Sonine polynomials expansion a 2 . Contrary to the case of the constant restitution coefficient, the evolution of temperature is now coupled to the time evolution of a 2 .
For small values of the dissipative parameter ␦, we developed an analytical theory for the time evolution of the temperature of the granular gas and for the coefficient of the Sonine polynomial expansion a 2 ; the case of larger ␦ was studied numerically. We observed a complicated nonmonotonic time behavior of the coefficient a 2 . For small values of the dissipative parameter ␦ we detected two different stages in its time evolution: a first fast stage, which develops on the time scale of the mean-collision time c ; and a second, slow stage on the time scale ϳ 0 ӷ c , on which the temperature of the granular gas changes. In the fast stage a maximal deviation from the Maxwellian distribution is achieved, and then the deviation relaxes to zero during the second slow stage. Our numerical results agree well with the predictions of the analytical theory for small ␦.
When ␦ is not small, a much more complicated time behavior of the coefficient a 2 has been revealed. In addition to the two stages of evolution which were observed for the case of a small dissipative parameter, a regime of intermediate relaxation has been detected. Physically such complicated behavior is caused by an additional intrinsic time scale which describes the viscoelastic collision, and by a coupling of the evolution of the velocity distribution to the time evolution of temperature.
We also analyzed the high-velocity tail of the velocity distribution for the case of the impact-velocity-dependent restitution coefficient for viscoelastic particles. We found the same exponential overpopulation for the tail as for the constant restitution coefficient. However, contrary to the latter case, where the overpopulation of the tail persists with time, it decreases for the impact dependent restitution coefficient, and the velocity distribution tends to become Maxwellian as the system evolves.
The homogeneous cooling state is the simplest part of the evolution of a granular gas which precedes all other evolution steps, which involve spontaneous cluster formation, complicated structure formation in the velocity field, etc. Presently we are far from being able to develop a full theory of the evolution of granular gases, beginning from their generation and extending to a fully developed variety of structures. Therefore, we consider the results for the homogeneous cooling state only as the first step toward understanding the complicated evolution of granular gases. Astrophysical systems such as planetary rings ͑see, e.g., Ref.
͓25͔͒ possibly originate from catastrophic impacts of heavy objects with a planet, which generates a cloud of dust. This cloud will then undergo an evolution whose first regime might be considered a homogeneously cooling gas. As follows from results reported here, the evolution of the velocity distribution and temperature even in this simplest state is far from being trivial. 
͑A8͒
Combining Eq. ͑A8͒ with Eq. ͑A5͒, which relates the lengths of collisional cylinders, one arrives at the factor ͓Eq. ͑17͔͒ in the collisional integral. 
